Nelfinavir mesylate (formerly AG1343) is a potent and selective, nonpeptidic inhibitor of human immunodeficiency virus type 1 (HIV-1) protease that was discovered by protein structure-based design methodologies. We evaluated the antiviral and cytotoxic effects of two-drug combinations of nelfinavir with the clinically approved antiretroviral therapeutics zidovudine (ZDV), lamivudine (3TC), dideoxycytidine (ddC; zalcitabine), stavudine ( 
To date, several antiretroviral drugs have been approved for use in the treatment of individuals infected with human immunodeficiency virus (HIV). These include the nucleoside analogs and the nonnucleoside reverse transcriptase (RT) inhibitors zidovudine (ZDV), didanosine (ddI), stavudine (d4T), zalcitabine (ddC), lamivudine (3TC), and nevirapine, which target RT, an enzyme which functions early in the HIV life cycle. More recently, a second class of antiretroviral agents has been approved. These agents target the viral protease, an enzyme which functions at a late stage of the virus life cycle. The HIV protease inhibitors approved to date include indinavir (MK-639), ritonavir (ABT-538), saquinavir (Ro 31-8959), and, most recently, nelfinavir (AG1343). Although all of these agents have been shown to have antiviral activity in patients when administered as monotherapy regimens, their clinical benefit has been limited by the emergence of drug-resistant virus strains associated with continuing viral replication (5, 14, 26) . These observations indicate that combination therapy will be required. Recently, the superiority of treating patients with combinations of either RT inhibitors or RT and protease inhibitors has emerged (for a review, see reference 24) . These data are consistent with the results of in vitro studies, in which additive to synergistic interactions have been demonstrated for combinations of antiretroviral agents that interact with the same or different targets (6-8, 15-17, 20, 22, 25, 27, 33, 34) .
Nelfinavir mesylate is a potent and selective, nonpeptidic inhibitor of HIV type 1 (HIV-1) protease (K i ϭ 2 nM) that was discovered by protein design methods. In vitro, nelfinavir is effective at inhibiting the replication of laboratory, clinical, and RT inhibitor-resistant strains of HIV-1 and -2 with 50% effective concentrations (EC 50 s) ranging from 9 to 60 nM and a mean 95% effective concentration of 59 nM (29) . In phase I and II and phase III controlled clinical trials, nelfinavir has produced significant reductions in HIV RNA levels in plasma and marked increases in CD4 ϩ cell counts and has generally been well tolerated when used alone or in combination either with d4T or with ZDV and 3TC (4, 9, 12, 19, 23, 30) . In addition, genotypic characterization of the protease gene coding regions in the genomes of HIV-1 variants isolated from in vitro selection studies and from patients treated with nelfinavir have identified a previously undescribed amino acid substitution from an aspartic acid (D) to an asparagine (N) at residue 30 (28, 29) . In vivo, amino acid substitutions at residues described for other protease inhibitors have not been observed (e.g., residues 48, 82, and 84) or have been observed only rarely (e.g., residue 90). These observations, together with preliminary data which describe the sensitivity of nelfinavir-resistant isolates to other protease inhibitors, may provide an additional rationale for the use of nelfinavir in sequential or combination therapeutic regimens with other inhibitors from this class (28) .
In the current studies, we have evaluated the antiviral efficacy and cytotoxicity resulting from use of the combination of nelfinavir in two-and three-way drug regimens with the RT inhibitors ZDV, 3TC, ddI, d4T, and ddC, as well as the protease inhibitors indinavir, saquinavir, and ritonavir, in an acute HIV-1 infection model. Quantitative assessment of drug interaction was evaluated by a universal response surface approach (URSA) implemented by Greco et al. (11) , which fits the experimental data to a concentration-effect surface by nonlinear regression. Data from drug combination experiments were also analyzed by the technique of Prichard and Shipman (32) . That technique determines the difference in antiviral activity between the observed combined effects and those expected if the drug combination had no interactive effect.
Both analyses indicated that the interaction of nelfinavir with the RT inhibitors resulted in additive to statistically significant synergistic interactions. In contrast, the combination of nelfinavir with other protease inhibitors ranged from slightly antagonistic (indinavir) to additive (ritonavir and saquinavir). Little cytotoxicity was observed with either drug alone or in combination. These results support the administration of nelfinavir in combination-therapy regimens with other clinically approved antiretroviral therapeutic agents. Cell protection assay. The inhibitory effects of combinations of compounds on HIV-1 replication were measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye reduction method (1) . Compounds were dissolved in dimethyl sulfoxide to a final concentration of 40 mg/ml and were then diluted 1:200 in medium. A total of 50 l of each compound was added to the wells of a 96-well plate, and successive twofold dilutions were prepared. CEM-SS cells were infected with HIV-1 RF at a multiplicity of infection of 0.09. Following a 4-h adsorption period, 100 l of infected or uninfected cells was added to the drug-containing microtiter plate to yield a final concentration of 10 4 cells/well. Six days after infection, MTT (5 mg/ml) was added to the test plates and the amount of formazan produced was quantified by measuring the absorbance of light at 570 nm. Percent inhibition for all drug combinations was calculated as the amount of formazan produced in the wells containing drugtreated, infected cells (tested in triplicate) compared to the amount of formazan produced in wells containing drug-free, uninfected cells. The EC 50 was calculated as the concentration of drug that increased the percentage of formazan produced by infected, drug-treated cells to 50% of that produced by uninfected, drug-free cells. Percent cytotoxicity was calculated for all combinations as the amount of formazan produced in wells containing drug-treated, uninfected cells (tested in duplicate) compared to the amount of formazan produced in wells containing drug-free, uninfected cells. Each experiment was performed in duplicate. Data from duplicate experiments were both pooled and analyzed by URSA (11) and were analyzed individually by the technique of Prichard and Shipman (32) .
MATERIALS AND METHODS

Compounds
Statistical analyses. The data from the drug combination experiments were analyzed by URSA, as specified by Greco et al. (11) . The concentration-effect surface that is fit to the data is the isobol equation with an added interaction term that has an estimable interaction parameter, ␣. A positive value for ␣ indicates synergy, a negative value for ␣ indicates antagonism, and a value of ␣ equal to 0 indicates that the interaction of the drugs is additive. The magnitude of ␣ indicates the intensity of the drug interaction. A P value of Ͻ0.05 was regarded as statistically significant. By this method, the interaction of nelfinavir with each of the other compounds was analyzed by using a mathematical model of synergyantagonism that makes no assumptions about the slopes of the drug's individual (sigmoidal) concentration-effect curve. Data were analyzed by unweighted nonlinear regression with the custom software package SYNFIT, written in the computer language Microsoft FORTRAN (Microsoft Corp., Bellevue, Wash.) and kindly provided by W. Greco.
Data from drug combination experiments were also analyzed by the technique of Prichard and Shipman (32) . Calculations were generated by the custom software MacSynergy II, version 1.0 (31) . The difference between the observed combined effects and those expected if the interactions occurred independently are expressed as a volume (micromolar ⅐ micromalar ⅐ percent) above or below a plane that represents no interactive effects. Volumes with positive values at the 95% confidence interval (P Ͻ 0.05) indicate synergy, while volumes with negative values indicate antagonism. As a general guideline (31) , volumes of between 50 and 100 M 2 % suggest moderate synergy or antagonism, and volumes of Ͼ100 M 2 % suggest strong synergy or antagonism.
RESULTS
Antiviral effects of two-way drug combinations of nelfinavir and RT inhibitors.
The antiviral efficacy and cytotoxicity of nelfinavir alone and in combination with the RT inhibitors ZDV, 3TC, ddC, d4T, and ddI were evaluated against an acute HIV-1 RF infection of CEM-SS cells in vitro. In these and subsequent experiments, five successive twofold dilutions of nelfinavir were evaluated alone and in all possible combinations with five successive twofold dilutions of a second drug. In all experiments only minimal cellular cytotoxicity was observed with any drug alone and in combination (data not shown).
Data from the drug combination experiments were initially analyzed by the URSA method specified by Greco et al. (11) . Parameter estimates and standard errors from SYNFIT are summarized in Table 1 . The EC 50 s of nelfinavir in all experiments ranged from 0.027 to 0.355 M. Data from these analyses indicate that the two-drug combinations of nelfinavir with ZDV, 3TC, and ddC resulted in statistically significant synergy. This was demonstrated by a positive value for the interaction parameter, ␣. The statistical significance of this synergy was demonstrated since the calculated 95% confidence intervals contained only positive (synergistic) values. Results from twodrug combinations of nelfinavir with d4T and ddI were inter- Mean Ϯ standard error parameter estimates were calculated by using a mathematical model (11) of synergism-antagonism in which the EC 50 is the median effective concentration and ␣ is the synergism-antagonism parameter. ND, not determined.
b Five successive twofold dilutions of nelfinavir were evaluated alone and in all possible combinations with five successive twofold dilutions of a second drug. The highest concentrations of each drug used in each experiment were as follows: nelfinavir, 0.021 to 0.211 M; ZDV, 0.300 M; ddC, 0.758 M; d4T, 1.68 M; ddI, 9.74 M; 3TC, 0.306 M; saquinavir, 0.016 M; ritonavir, 0.111 M; indinavir, 0.028 M. In the three-way drug regimen of nelfinavir with ZDV and 3TC, ZDV and 3TC were combined at a fixed ratio, with the highest concentrations used being 0.019 M for ZDV and 0.079 M for 3TC.
c Data are from one to three separate experiments, each of which was done in duplicate.
d The 95% confidence intervals contained only positive (synergistic) or negative (antagonistic) values.
preted to be additive with a trend toward synergy; although ␣ was positive, the 95% confidence intervals contained both positive (synergistic) and negative (antagonistic) values. Analyses from the experiments that were performed multiple times were consistent. Statistically significant synergy (ZDV) and additivity with a trend toward synergy (ddI) were observed in repeat experiments performed by combining nelfinavir with ZDV (n ϭ 3) and combining nelfinavir with ddI (n ϭ 2) ( Table 1) .
Similar results were obtained when the data were analyzed by the technique of Prichard and Shipman (32) . In the twodrug combinations of nelfinavir with ZDV (Fig. 1A), 3TC (Fig.  1B) , and ddC (data not shown), total synergistic volumes above the plane of independence calculated at the 95% confidence interval exceeded 100 M 2 %, indicating strong synergy. As indicated in Fig. 1A and B, peak regions of synergy were observed at specific combinations of individual drug concentrations. In the two-drug combinations of nelfinavir with d4T or ddI, total synergistic volumes above the plane of independence calculated at the 95% confidence interval were Ͻ25 M 2 % (d4T; Fig. 1C ) and Ͼ50 M 2 % (ddI; data not shown), indicating slight and moderate synergies for d4T and ddI, respectively.
Antiviral effects of the three-way drug combinations of nelfinavir and ZDV and 3TC. The antiviral efficacy and cytotoxicity of the three-way combination of nelfinavir with ZDV and 3TC were also evaluated against an acute HIV-1 RF infection. In this experiment, ZDV and 3TC were combined together in a fixed ratio at concentrations that, when tested as single agents, resulted in little or no inhibition of virus replication but, when tested in a two-way combination study, resulted in synergistic interactions (data not shown). As before, five successive twofold dilutions of nelfinavir were evaluated alone and in all possible combinations with five successive twofold dilutions of the fixed-ratio mixture of 3TC and ZDV. The data analyzed by the method of Greco et al. (11) indicated synergistic interactions since the value calculated for the synergy-antagonism parameter, ␣, was positive (Table 1) . Moreover, the calculated 95% confidence intervals for ␣ contained only positive values, indicating that the synergy was statistically significant. Synergistic interactions were also indicated when the data were analyzed by the technique of Prichard and Shipman (32) . Calculated at the 95% confidence interval, synergistic volumes above the plane of independence were Ͼ100 M 2 %, indicating strong synergy. As indicated in Fig. 1D , a peak of synergy was observed at 0.023 to 0.090 M nelfinavir when it was combined with 0.01 to 0.04 M 3TC and 0.003 to 0.010 M ZDV. Little or no cytotoxicity was seen with either drug alone or in combination (data not shown).
Antiviral effects of two-way drug combinations of nelfinavir and protease inhibitors. The antiviral efficacy and cytotoxicity of nelfinavir alone and in combination with each of the other three currently approved protease inhibitors, i.e., saquinavir, ritonavir, and indinavir, were similarly evaluated. In these experiments, minimal cellular cytotoxicity was observed with nelfinavir alone and in combination with each protease inhibitor (data not shown).
In the combination of nelfinavir with saquinavir, the calculated synergy-antagonism parameter, ␣, was positive in experiment 1 and slightly negative in experiment 2 (Table 1) . In both experiments, however, the 95% confidence intervals for ␣ included both positive and negative values. By this method of analysis it can be concluded that the interaction of nelfinavir and saquinavir was additive since neither the synergy of experiment 1 nor the antagonism of experiment 2 was statistically significant. Similar results were obtained when the data were analyzed by the technique of Prichard and Shipman (32) . Although the calculated synergistic volume above the plane of independence ranged from 37 to 105 M 2 % (P Ͻ 0.05) in both experiments, comparable volumes indicative of antagonism, were also observed below the plane of independence, i.e., Ϫ43 to Ϫ66 M 2 % (P Ͻ 0.05) (Fig. 2A) . Interestingly, regions of slight antagonism, signified by volumes below the plane of independence, were observed with combinations of higher concentrations of both drugs, whereas regions of synergy, signified by volumes above the plane of independence, were observed with combinations of lower concentrations of both drugs ( Fig.  2A) . These data suggest that the overall interaction of saquinavir and nelfinavir was additive, although regions of both synergy and antagonism can be detected.
The antiviral efficacy and cytotoxicity of nelfinavir alone and in combination with ritonavir were similarly evaluated. Values calculated for the synergy-antagonism parameter, ␣, were negative in both experiments, indicating antagonism ( Table 1 ). The antagonism demonstrated by the combination of nelfinavir and ritonavir was statistically significant in experiment 2 since the 95% confidence interval for ␣ contained only negative values. However, in experiment 1, the combination of nelfinavir and ritonavir was additive since the 95% confidence interval included both negative and positive values. By the method of Prichard and Shipman (32), calculated synergistic volumes above the plane of independence were small, ranging from 0 to 29 M 2 % (P Ͻ 0.05; Fig. 2B ). However, slightly larger volumes, i.e., Ϫ11 to Ϫ94 M 2 % (P Ͻ 0.05), were also observed below the plane of independence. Overall, these results indicate no interactive effects in experiment 1 and slight to moderate antagonism in experiment 2. Thus, given the experimental variability observed, the interaction of ritonavir and nelfinavir appeared to indicate additivity with a slight trend toward antagonism.
Similar experiments were performed to evaluate the combination of nelfinavir and indinavir. Values calculated for the synergy-antagonism parameter, ␣, were negative in both experiments ( Table 1 ). The calculated 95% confidence intervals for ␣ contained only negative values, indicating that the observed antagonism was statistically significant. By the method of Prichard and Shipman (32), calculated synergistic volumes above the plane of independence were small in both experiments, ranging from 0 to 17 M 2 % (P Ͻ 0.05) (Fig. 2C ). Slightly larger volumes below the plane of independence were also calculated, indicative of moderate antagonism, i.e., Ϫ38 to Ϫ126 M 2 % (P Ͻ 0.05). Overall, these data suggest that the interaction of indinavir and nelfinavir was antagonistic, although the intensity of antagonism was weak, as indicated both by the small value of ␣ (Table 1) and by the small volumes depicted below the plane of interaction (Fig. 2C) .
DISCUSSION
In this study, we have evaluated the antiviral and cytotoxic effects of two-drug combinations of nelfinavir with other clinically approved antiretroviral therapeutic agents, ZDV, 3TC, ddC, d4T, ddI, indinavir, saquinavir, and ritonavir, and with the three-drug combination of nelfinavir with ZDV and 3TC against an acute HIV-1 RF infection of CEM-SS cells. In all of these experiments, a range of different dose-responses was analyzed by using five successive twofold dilutions of nelfinavir alone and in all possible combinations with five successive twofold dilutions of the appropriate second drug.
Data from drug combination experiments were analyzed by two different methods. Detailed comparisons of these methods with other methods are reviewed elsewhere (11) . In the first approach, data were analyzed by an URSA (11) which has been extensively used and described in the literature on cancer (2, 10, 13) . All URSAs fit a surface of a particular shape to the plots of the concentration-effect drug combination data and characterize the surface to measure the combined effects of a drug combination. This characterization, usually in the form of one or more statistically significant interaction parameters, focuses on the overall combination of drugs rather than the drug interactions at specific doses. By the URSA of Greco et al. (11) , the fitted parameter, ␣, yields a statistically significant quantitative measure of the type and intensity of the interaction of the combination of drugs. Values of ␣ larger in magnitude correspond to more intense interaction effects. When ␣ is positive, synergy is indicated; when ␣ is negative, antagonism is indicated; and when ␣ is 0, additivity is indicated. In the cases for which ␣ is equal to 0, the equation fit to the data (11) is reduced to the additivity equation used to generate isobolograms.
The data were also analyzed by the method of Prichard and Shipman (32) . This method calculates the difference in antiviral activity between the observed effects of a drug combination and those expected if the drugs had no interactive effect. Line segments connect these values, and the volumes above and below the plane representing the effects of no drug interaction are calculated. The calculated volumes are used to approximate the true volumes between the concentration-effect surface for a drug combination and a concentration-effect surface that would be seen if the drugs have no interactive effect in combination. Although the method of Prichard and Shipman (32) illustrates the effects of drug combinations, e.g., regions of synergism, antagonism, or no interaction, there is no precise way to measure how well the calculated volumes approximate the volumes associated with a true concentration-effect surface. Thus, while error due to experimental variability is accounted for by statistical calculations, there is no calculation for the error of approximation. Although conclusions about drug interaction in this study are based primarily on analyses performed by URSA, the conclusions generated by both methods were fairly concordant.
In this study, results from both analytical methods indicated that the two-drug combinations of nelfinavir with the RT inhibitors ZDV, 3TC, ddI, d4T, and ddC resulted in additive to statistically significant synergistic interactions. Similar results were observed when nelfinavir was combined in a three-drug combination with ZDV and 3TC. Although we cannot exclude the possibility that the observed synergy may have resulted from the interaction of only two of the three drugs, it is relevant to note that the combination of the three drugs resulted in enhanced antiviral activity at lower drug concentrations with no associated increase in cytotoxicity or apparent antagonism.
Our results are consistent with those reported by others in which the combination of two antiretroviral therapeutic agents directed at two different HIV targets, e.g., RT and protease, have resulted in additive to synergistic interactions (6, 7, 16, 20, 22, 27) . In a similar manner, the interactions of the combination of nelfinavir with the three protease inhibitors, indicating either additive (ritonavir and saquinavir) to slightly antagonistic (indinavir) interactions, are consistent with those reported in other studies in which the interactions of two protease inhibitors have also been analyzed (7, 22) . Although additive interactions were observed when combining saquinavir and another protease inhibitor (7), antagonistic interactions have been described when combining protease inhibitors with indinavir (7, 22) . In all combinations, minimal cellular cytotoxicity was observed for any drug alone or in combination.
In this study, in vitro drug combination experiments were conducted only with a continuous T-cell line. Although similar responses were observed with different cell types when combining two protease inhibitors or a protease inhibitor and a nucleoside analog in a separate study (7), slight differences were observed when combinations of RT inhibitors were analyzed in different cell types, presumably due to their dependence on cellular enzymes for phosphorylation (7) .
The limited benefit of antiretroviral therapy when administered as monotherapy is now widely understood. The inability of monotherapy regimens to effectively suppress virus replication has led to the rapid emergence of drug-resistant strains. It is apparent from these studies that combination therapy will be required to achieve maximum clinical benefit. The advantages of combination therapies are severalfold. By combining drugs with nonoverlapping toxicities, more effective and longer suppression of virus replication can be achieved; this, in turn, should result in a delay in the emergence of drug-resistant strains. Combination-therapy regimens may also result in beneficial pharmacological interactions in which plasma drug levels are enhanced above those observed with one agent alone, as has been described for some protease inhibitors (3, 18) . In addition, by combining drugs that select for phenotypically non-cross-resistant virus strains that contain nonoverlapping genotypic mutations, evolutionary constraints may be imposed on the emergence of new virus strains containing different patterns of genotypic mutations. A combination-therapy strategy may also lead to the suppression of phenotypic resistance conferred by the selection of an additional mutation following the treatment with a second regimen, as has been described for ZDV and 3TC combination protocols (21) . Relevant to these findings are studies which indicate that the resistance profile of nelfinavir is unique and is mediated by a previously undescribed amino acid substitution of D30N (28, 29) . Preliminary results which describe the sensitivity of nelfinavir-resistant HIV isolates to other protease inhibitors suggest that nelfinavir may be a potential candidate for inclusion in combination or sequential therapeutic regimens involving other protease inhibitors.
In this study we have analyzed one component of drug interaction, whereby the antiviral effects of drugs added in combination have resulted in inhibitory effects greater than expected on the basis of the effects observed for each drug alone. The results described here suggest that administration of combinations of the appropriate doses of nelfinavir with other clinically approved antiretroviral therapeutic agents in vivo may thus result in enhanced antiviral activity. An overall understanding of all these interactions has important implications for the rational choice of the specific compounds to be used in combination-therapy regimens.
